We use the continuity equation and the Reynolds averaged Navier-Stokes equations to study the flow-pattern characteristics around a turbine runner for the small-opening cylindrical valve of a hydraulic turbine. For closure, we adopt the renormalization-group k-two-equation turbulence model and use the computational fluid dynamics (CFD) software FLUENT to numerically simulate the three-dimensional unsteady turbulent flow through the entire passage of the hydraulic turbine. The results show that a lowpressure zone develops around the runner blades when the cylindrical valve is closed in a small opening; cavitation occurs at the blades, and a vortex appears at the outlet of the runner. As the cylindrical valve is gradually closed, the flow velocity over the runner area increases, and the pressure gradient becomes more significant as the discharge decreases. In addition, the fluid flow velocity is relatively high between the lower end of the cylindrical valve and the base, so that a high-velocity jet is easily induced. The calculation and analysis provide a theoretical basis for improving the performance of cylindrical-valve operating systems.
Introduction
Cylindrical valve installed between the stay and guide vane of mixed-flow hydraulic turbine boasts many advantages such as self-closing ability, less hydraulic loss, effective protection to the distributor, small land occupation in factory, and small investment. So cylindrical valve has been widely used in large-and medium-sized hydropower stations over sediment-laden rivers. For large hydropower stations involving peak load regulation and frequency modulation where conventional inlet valve (ball valve and butterfly valve) cannot be installed, the installation of cylindrical valve can effectively protect the distributor and reduce the leakage loss in the stopping process. The world's first cylindrical valve was made by NEYRPIC Company in France for Monteynard Power Station in 1962. The power station had an installed capacity of 4 × 83 MW and a water head of 137 m. So far, cylindrical valve has been used in over 60 power units in 12 hydropower stations in France, Canada, Portugal, and so forth. In China, Xiaowan Hydropower Station has 6 Francis turbine generator units with a unit capacity of 700 MW and Nuozhadu Hydropower Station has 9 hydraulic turbine generator units with a unit capacity of 650 MW [1] .
A runaway transient in a hydraulic turbine is an abnormal process that adjusts the hydraulic turbine; therefore an indepth understanding of such transients is vital for the safe and normal operation of hydraulic turbines. When a cylindrical valve is used to shut down the turbine by forcing the hydraulic turbine to exit the runaway state, the water flow surrounding the runner of the hydraulic turbine is extremely turbulent and accompanied by strong water impact, vibration, and noise. This is especially true when the cylindrical valve is closed in a small opening. All of these unstable phenomena can lead to disastrous accidents involving the hydraulic turbine unit [2] [3] [4] [5] [6] . Therefore, for proper design of a hydropower station, a vital prerequisite is the calculation, analysis, and forecast of the flow field surrounding the runner when the hydraulic turbine exit the runaway state. Such research provides important parameter values that allow the hydraulic turbine to exit the runaway process in a fast, safe, and stable manner.
When the cylindrical valve is used to shut down the turbine, the flow field becomes extremely turbulent. Experiments modeling this regime are of limited use because the methods used to interpolate between the model turbine and the prototype turbine are not perfect. Shutting down a real 2 Mathematical Problems in Engineering hydraulic turbine in the runaway state involves a significant risk, which precludes performing such experiments with a real hydraulic turbine. Thus, we adopt a numerical approach in this study, in which we use computational fluid dynamics (CFD) to analyze and study the process of shutting down a turbine with a cylindrical valve.
In recent years, many research groups in China have numerically simulated hydraulic turbines. A group at the State Key Laboratory of Hydroscience and Engineering of Tsinghua University [7] [8] [9] studied the rotation rate, hydrodynamic moment, and the characteristic runaway curve for runaway transients in Francis turbines. These studies led to a thorough understanding of the flow through the entire passage of the hydraulic turbine and provided an analysis of the vortex and pressure fluctuations. In another work, Li et al. [10] considered the use of a cylindrical valve for the emergency shutdown of a turbine device and analyzed and compared the relevant parameters of cylindrical valves. These experiments and the related numerical analysis were carried out to understand how the shape of the cylindrical valve's lower end influences the surrounding flow field. Wührer and Grein [11] calculated and analyzed the hydrodynamic force at the cylindrical valve of a hydraulic turbine for a noncontinuous flow. A group at Tianjin University [12] [13] [14] [15] carried out a three-dimensional (3D) numerical analysis of the entire passage of a hydraulic turbine, studied a multicylinder coordinated control strategy destined to shut down the turbine with the help of a cylindrical valve, comparatively analyzed analysis of several different shutdown methods involving cylindrical valves with different bottom shapes, and found that the hydraulic characteristics are well in the manner of the 60 s closing.
However, these studies did not analyze the flow pattern around the turbine runner when the cylindrical valve is enclosed in a small opening. Thus, we address this issue herein by performing numerical CFD simulations of a prototype cylindrical valve for the Nansha hydropower station in Yunnan, China. We focus on analyzing the flow field around the turbine runner with the cylindrical valve at a small opening. Figure 1 shows a schematic of the entire flow passage and cylindrical valve of the prototype hydraulic turbine of the Nansha hydropower station. The photograph of the cylindrical valve with a unit capacity of 50 MW in Nansha Hydropower Stations of Yunan, China, is shown in Figure 2 . The degree of the relative opening of the cylindrical valve determines how quickly the turbine is shut down and is defined as the ratio of the distance between the cylindrical valve's lower end and the bottom ring to the thickness of the valve : = / . The cylindrical valve is 110 mm thick and 1405 mm high. According to the definition of the degree of relative opening, the cylindrical valve must limit to between 0 and 12.7 during turbine shutdown. For a small opening, 0 < < 1. The angle is the nose angle, as shown in Figure 3 . We acquired screenshots of the cross section for = 90 ∘ to 270 ∘ and = 0 to 180 ∘ . Similarly, pictures of the lower end of the cylindrical valve with nose angles of 0 ∘ , 90 ∘ , 180 ∘ , and 270 ∘ are also available.
Description of the Simulation

Numerical Calculation
Control Equation.
When the cylindrical valve is closed for emergency shutdown of the turbine, the fluid flows inside the turbine and around the cylindrical valve become a complex, 3D unsteady incompressible turbulent flows. Because the renormalization-group k-turbulence model distinguishes between a flow and a swirling flow, it can predict the flow pattern near a wall surface relatively well. In fact, this approach has been used in many studies to simulate 3D flow in fluid machinery [16] . Thus, we also adopt this turbulence model for the present study. The flow-control equations used herein for the cylindrical-valve region are the continuity equation
the momentum equation and the renormalization-group k-equation
where ( = 1, 2, 3) are the Cartesian coordinates, ( = 1, 2, 3) are the velocity components, is the corrected pressure, ] is the kinematic viscosity coefficient, is the mass force, and ] is the turbulent viscosity coefficient (] = 2 / ), = 0.09, = 1.0, = 1.33, 1 = 1.44, and 2 = 1.42. Because the Reynolds stress − in (2) is problematic for closure, the renormalization group k-twoequation model is used for closure [17] .
Since the cylindrical valve of hydraulic turbine is in a state of motion during emergency shutdown process, which can cause change in the calculation area of the flow field, dynamic mesh technique was used to adapt to this change. This study divided the motion process of cylindrical valve into 48 time steps, each time step corresponding to a different displacement of the cylindrical valve. Firstly, the torque of the water flow action on the blade of hydraulic turbine on the first time step was calculated. Then the angular velocity increment of the blade of hydraulic turbine in each time step was obtained according to (4) , and the incremental rotational speed of the hydraulic turbine was further calculated. In this way, the rotational speed of hydraulic turbine on the first time step can be obtained according to its initial rotational speed. In the same manner, the rotational speed on each time step can be obtained:
where is the resistance moment; is the rotational inertia of the blade of hydraulic turbine; Δ is the angular velocity increment on each time step.
Since the runner is a rotating component, rotor-stator interaction will occur between cylindrical valve and runner flow fields and between draft tube and runner flow fields. In order to simulate detailed changes of the flow field over time, sliding mesh was used in the front of the runner inlet and the back of the runner outlet (namely, the interface of adjacent subdomains) to complete the data transmission for the entire computational domain.
Mesh and Boundary Conditions.
For the numerical simulation, we created a 1 : 1 model of a cylindrical valve in the 3D modeling software UG. The computational control field is the entire passage from the entrance of the hydraulic turbine's spiral casing to the exit of the draft tube. Note that the creation of the mesh for the flow passage of the hydraulic turbine is an essential part of the entire numerical calculation process because the speed, accuracy, and convergence of the flow-field calculation for the flow passage of the hydraulic turbine are directly related to the quality of the mesh. For the present work, we use ICEM CFD as the preprocessing module. Considering the specific situations and requirements for this work, the entire passage of the virtual hydraulic turbine was divided into six regions. A structured grid was used for the region of the cylindrical valve that involves motion; unstructured grids were used for other regions. The grid close to the cylindrical valve was densified to improve the calculation accuracy of the surrounding flow field. The final number of computational grid elements was 3 × 10 8 . The resulting meshes for the hydraulic turbine runner and cylindrical valve are shown in Figure 4 .
Because the numerical simulation covers only a limited computational domain, specific boundary conditions must be applied at each boundary crossed by the flow in the hydraulic turbine. The boundary conditions for the turbine's internal flow field mainly involve the inlet, outlet, and wall boundary conditions. Experience from the Nansha hydropower station indicates that a cylindrical valve is used to shut down the turbine when the water flow cannot be cut off in time (owing to the runaway phenomenon in the turbine or the breakdown of the guide-vane apparatus). Therefore, the boundary conditions should be applied to the inlet, outlet, and wall of the entire flow passage through the spiral casing. The outlet pressure of the draft-tube outlet gives the outlet pressure condition, and the inlet pressure of the spiral casing gives the inlet pressure condition. On the basis of real operating conditions of the Nansha hydropower station, we use a 50 m head at the spiral casing's inlet as the inflow boundary condition with an initial flow speed of 5.13 m/s. Because the outlet of the draft tube is directly connected to nearby rivers, the outlet is assumed to be at standard atmospheric pressure. However, the effect of gravity on the pressure distribution is taken into consideration because of the considerable height of the draft tube of the turbine.
For the simulation, we used the FLUENT software package. Numerically calculation of the initial flow field of the hydraulic turbine is a transient problem; therefore, the first step is to calculate the initial steady-state flow field, and the result of this calculation is used as the initial condition for the next step. The finite-volume method (a common CFD numerical method) is used to discretize the control equations. We use the second-order upwind scheme to generate the convection term and the second-order centraldifference scheme to generate the diffusion and pressure terms of the motion equation. To iterate the flow field in the hydraulic turbine, we use the semi-implicit algorithm for pressure-coupled equations to solve the problem of velocity and pressure coupling in the incompressible Navier-Stokes equations [14] . This algorithm is widely used to calculate the flow field in fluid machinery and often used to calculate the flow field in hydraulic turbines.
Model Validation.
The numerical model was verified by testing if its results are independent of the grid via a comparison of results obtained with three different grid systems with approximately 1.2 × 10 8 , 1.8 × 10 8 , and 3.0 × 10 8 grid elements, which describe the entire passage of the hydraulic turbine grid elements. In addition, the grids are densified near the cylindrical valve because the fluid field must be accurately represented in this area. The calculation results for the 1.2 × 10 8 and 3.0 × 10 8 element grid systems differ by less than 5%; therefore, we use the latter for the calculation and analysis presented herein. Figure 5 shows a comparison of the downpull force with real machine test results [18] . From Figure 5 , it can be seen that the downpull force predicted by the numerical method is in substantial agreement with the real machine test results.
Analysis of the Results
Analysis of the Flow Pattern of the Runner Area.
The runner is the crucial factor for determining the internal flow field of the hydraulic turbine during shutdown by the cylindrical valve. Thus, a proper understanding of the hydraulic characteristics of the runner area is vital. Because the rotating runner affects the direction and magnitude of the internal flow field of the cylindrical valve, these quantities are difficult to determine with precision. As a result, the flow pattern created by the cylindrical valve in the runner area is As shown in Figures 6 and 7 , the pressure is unevenly distributed over the turbine blades. Specifically, the bladeinlet area experiences the highest pressures, whereas the blade-outlet blade area experiences the lowest pressure. These results are consistent with the fact that the runner converts the translational kinetic energy of the water flow into the rotational kinetic energy of the turbine. Furthermore, the small pressure gradient at the outlet satisfies the outlet pressure-gradient requirements. When the runner rotates, the water flow rotating at a high speed generates large centrifugal forces, thereby generating an external pressure that exceeds the internal pressure. With the decrease in the pressure of the flowing fluid, the pressure on the impact side of the blades far exceeds that on the back side of the blades. As shown in Figures 6(b) and 7(b) , a low-pressure zone develops on the back side of the blades, creating a negative pressure. Such low-pressure zones are propitious for the cavitation phenomenon.
As shown in Figures 8 and 9 , the flow velocity in the runner area increases when the cylindrical valve is closed, and the degree of relative opening decreases. In addition, the pressure gradient in the runner area becomes more apparent as the flux decreases. When the runner rotates at high speeds, a secondary flow is likely to form in the runner area. As shown in the plane sketch of the runner blades (Figures 8(a) and  9(a) ), the secondary flow lines are seriously distorted, and the flow pattern is extremely turbulent. Owing to the impact created by the large angle of attack at the inlet, a channel vortex forms between the blades because of the secondary flow and backflow between the flow passages. As shown in the water-flow vector diagram of the runner outlet (Figure 9 ), a huge swirling flow forms at the runner outlet with a high outer speed and low inner speed, and these angular velocities increase as the degree of the relative opening of the cylindrical valve decreases. Because the vortex is off center, we deduce that a larger off-center vortex should form at the turbine's draft-tube inlet because of the transfer of water. The channel vortex and the runner vortex exert a significant stress on the runner blades, which shifts the blades, thereby intensifying blade cavitation and pressure pulsation. As the amplitude of the blade vibration increases, spots, cracks, and even spongelike damage may appear on the surfaces of the runner blades. As shown in Figures 10 and 11 , the inner and outer pressures greatly differ at and next to the throttling point, which is between the lower end of the cylindrical valve and the bottom ring. This creates a pressure gradient along the intervening path. This result indicates that a considerable hydraulic loss occurs at the lower end of the cylindrical valve when enclosed in a small opening. Furthermore, a jet-prone condition is created because of the small degree of opening and the large flow velocity. Consequently, the pressure on the cylindrical valve should decrease accordingly.
Distribution of the Flow
A low-pressure zone, which apparently forms at the outlet of the cut-off section of the cylindrical valve, is a bubblegenerating area. The inner surface of the valve is likely to be impacted by the local water flow, thereby generating cavitation noise and vibration. The bursting bubbles in this manner would lead to the long run to corrosion of the valve surface over the long run further amplifying cavitation and cavitation erosion.
Conclusion
In this work, we calculated and analyzed the flow field around the runner of a small-opening cylindrical valve for a turbine. 
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By analyzing the pressure and velocity fields of such a valve, we find that a low-pressure zone develops on the runner blades, cavitation erosion occurs on the blades, and a vortex forms at the runner outlet. The velocity distribution map of the runner area shows that the flow velocity near the runner increases upon closing the cylindrical valve. In addition, the pressure gradient increases as the flux decreases. When the runner rapidly rotates, secondary water is likely to flow through the runner area. As shown in the plane sketches of the runner blades, the secondary-flow line is seriously distorted and the flow pattern is extremely turbulent. The inner and outer pressures greatly vary at and next to the throttling point, which is between the lower end of the cylindrical valve and the bottom ring, revealing a pressure gradient along the intervening path. This result indicates that a considerable hydraulic loss occurs at the lower end of the small-opening cylindrical valve. In addition, a jetprone condition occurs because of the small degree of relative opening and the large flow velocity.
